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ABSTRACT
We present the first results from a 500 ksec Chandra ACIS-I observation of M87. At soft energies (0.5-1.0
keV), we detect a complex filamentary structure associated with the eastern and southwestern arms. Many
filaments are spatially resolved and have widths of ∼ 300 pc. This filamentary structure is particularly strik-
ing in the eastern arm where we suggest the filaments are outer edges of a series of buoyant bubbles filled
with relativistic plasma, produced by the central supermassive black hole, in a succession of small outbursts
occurring every ∼ 6×106 years. The X-ray structures may be influenced by magnetic filamentation. At hard
energies (3.5-7.5 keV), we detect a nearly circular shell of outer radius 2.8′ (13 kpc). This ring of hard X-ray
emission provides an unambiguous signature of a weak shock, driven by an outburst from the SMBH, travers-
ing the M87 atmosphere. The observed spectral hardening corresponds to a temperature rise from 2.0 to 2.4
keV, which translates to a Mach number M ∼ 1.2 for monoatomic gas with gamma=5/3. In addition, we detect
two additional surface brightness edges (at radii of ∼ 0.6′ and ∼ 1.2′). The ∼ 0.6′ feature may be the gas
just outside the “piston” driving the 2.8′ shock, while the ∼ 1.2′ feature is probably produced by a secondary
outburst.
Subject headings: galaxies: active - galaxies: individual (M87, NGC4486) - X-rays: galaxies
1. INTRODUCTION
M87 (NGC4486), the dominant central galaxy in the Virgo
cluster, hosts a 3.2 × 109 M⊙ supermassive black hole
(SMBH, Harms et al. 1993, Ford et al. 1994, Macchetto
et al. 1997) and its well-studied jet (e.g., Sparks, Biretta, &
Macchetto 1996, Perlman et al. 2001, Marshall et al. 2002,
Harris et al. 2003). On larger scales M87 has been the subject
of detailed radio observations showing remarkable structures
on scales up to 40 kpc (Owen et al. 2000; see also Hines et
al. 1989). In soft X-rays, M87 is the second brightest ex-
tragalactic source (after the Perseus cluster) and the emission
is dominated by thermal radiation from its ∼ 2 keV gaseous
atmosphere (e.g., Gorenstein et al. 1977, Fabricant & Goren-
stein 1983, Böhringer et al. 2001, Matsushita et al. 2002,
Belsole et al. 2001, Molendi 2002).
M87 is a classic example of a “cooling flow” cluster (e.g.,
Fabian 1994). XMM-Newton and Chandra observations (e.g.,
David et al. 2001, Peterson et al. 2003 and references therein)
limit the amount of cooling gas in cluster cores to 10-20% of
that predicted by the standard cooling flow model and show
that the core temperature does not fall below ∼ 30% of the
gas temperature at large radii. The dramatic reduction in the
amount of cooling gas requires a considerable energy supply
to compensate for the observed radiative losses. Thus, instead
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of seeking the repository of cold gas, we are now seeking the
energy source to (re)heat the radiating, cooling gas.
Suggestions for heating include thermal conduction (e.g.,
Tucker & Rosner 1983, Bertschinger & Meiksin 1986, Gaetz
1989, David, Hughes & Tucker 1992, Zakamska & Narayan
2003, Voigt & Fabian 2004) and cluster mergers (e.g., Fujita
et al. 2004, but see Böhringer et al. 2004). One of the most ef-
fective heating mechanisms has been SMBH outbursts (e.g.,
Böhringer & Morfil 1988, Binney & Tabor 1995, Omma et
al. 2004). Strong shocks are rare and most heating probably
arises from a combination of buoyantly rising bubbles inflated
by SMBH activity as first modeled for M87 by Churazov et
al. (2001; see also Reynolds, Heinz & Begelman 2001, Kaiser
& Binney 2003, DeYoung 2003) along with weak shocks pro-
duced as these bubbles are inflated (e.g., Churazov et al. 2002,
Ruszkowski, Brüggen & Begelman 2004a, b; Begelman 2004,
Heinz & Churazov 2005, Mathews, Faltenbacker & Brighenti
2006). From deep Chandra observations of the Perseus clus-
ter, Fabian et al. (2006) showed that pressure ripples could
balance radiative cooling in the Perseus core. Birzan et al.
(2004) showed that, for half of a sample of 18 cooling core
clusters and groups, the mechanical power associated with X-
ray cavities was sufficient to (re)heat cooling cores. Similarly,
Dunn et al. (2005) showed that buoyant bubbles may be a
significant heat source in 70% of a sample of cooling core
clusters.
As the nearest cooling flow cluster with an active nucleus,
M87 is an ideal system for studying the energy input from the
AGN to the hot, cooling gas. The first suggestion of struc-
ture in the gaseous halo of M87 and its possible relation to
the radio structure was made by Feigelson et al. (1987). Sub-
sequently, with ever-improving angular resolution, the rela-
tionship has been explored in more detail (Böhringer et al.
1995, Churazov et al. 2001, Belsole et al. 2001). In an ear-
lier 40 ksec Chandra observation, Young, Wilson & Mundell
(2002) reported X-ray cavities and edges in the surface bright-
ness profile. In a longer (∼ 100 ksec) Chandra observation,
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Forman et al. (2005) suggested that the edges or rings of en-
hanced emission at 14 and 17 kpc were likely shock fronts as-
sociated with AGN outbursts that began 1-2 ×107 years ago.
From these same observations, Jordan et al. (2004) identified
a population of ∼150 LMXBs, 40% of which are associated
with globular clusters.
We report here on the recently completed 500 ksec observa-
tion of M87 with the Chandra Observatory. We focus on two
major results:
• the soft emission (0.5-1.0 keV) from M87, especially
in the eastern and southwestern arms, forms a web of
resolved filamentary structures of width ∼ 300 pc (see
Fig. 1). These features, especially those seen in the
eastern arm may arise from a series of buoyant bub-
bles at different heights in the atmosphere and different
stages of evolution.
• the hard emission (3.5-7.5 keV) shows a ring of emis-
sion (see Fig. 2) that is nearly circular with an outer ra-
dius ranging from 2.5′ to 2.85′ (11.6 - 13.3 kpc). This
ring of hard emission provides the unmistakable sig-
nature of a weak shock. Hardness ratios (deprojected)
show that the gas temperature in the ring rises from
∼ 2.0 keV to ∼ 2.4 keV implying a Mach number of
M ∼ 1.2 (shock velocity v = 875 km s−1 for a 2 keV
thermal gas). The surface brightness profile and hard-
ness ratios also show evidence for two additional fea-
tures at radii of ∼ 0.6′ and ∼ 1.3′.
In addition to these results, the Chandra image provides a
wealth of information on structures with scales from the jet
to large scale cavities. We will discuss these other features in
future papers and focus here on the two new results from the
soft and hard band images from the recently completed deep
observation.
2. OBSERVATIONS AND DATA PROCESSING
The new Chandra observations (OBSIDS 5826, 5827, 5828,
6186, 7210, 7211, and 7212) were taken at a variety of roll
angles from February to November 2005 using the ACIS-I
detector (chips I0-I3) in Very Faint (VF) mode to minimize
the background. We reprocessed all observations applying the
latest CTI and time dependent gain calibrations (acisD2000-
01-29gain_ctiN0005.fits). We incorporated non-uniformity of
the quantum efficiency and the time and spatial dependence
of the contamination on the optical blocking filter. We per-
formed the usual filtering by grade, excluded bad/hot pixels
and columns, removed cosmic ray “afterglows”, and applied
the VF mode filtering. We also reprocessed two Faint mode
ACIS-S OBSIDS (3717 and 2707) and treated the front (S2)
and back (S3) illuminated chips independently. We compared
the images from the Very Faint and Faint mode observations
to verify that no artifacts were introduced near the bright jet
by use of the large 5×5 pixel event regions in VF mode. We
examined the data for background flaring and found moderate
flaring in OBSIDS 3717 and 2707 (the back illuminated chips
only) for which we excluded approximately half the duration.
The total effective remaining observation time varied over the
field, since the observations were taken at many different roll
angles. A typical effective exposure time is ∼ 525 ksec. The
background files (see Markevitch 2001 for details) were pro-
cessed in exactly the same manner as the observations.
Images were generated by combining the M87 observa-
tions after subtracting background and correcting for expo-
sure (which included all the effects mentioned above). When
generating merged images, we excluded rectangular regions
extending from the M87 nucleus to the edge of the ACIS chip
so that the readout stripe from the bright nucleus is excluded
separately for each pointing (since the orientation of the read-
out stripe varies from pointing to pointing). The backgrounds
were normalized by time and small corrections were made us-
ing the counts in the 10-12 keV energy band in each image and
corresponding background file. Exposure maps in each en-
ergy band were computed separately and included vignetting
and detector response appropriate to the spectrum (assumed
to be characterized by a thermal gas, Virgo cluster redshift,
galactic absorption and elemental abundance) of the emission
dominating that band. For quantitative imaging and spectral
analysis we relied on the more recent ACIS-I observations
alone.
3. SOFT AND HARD BAND IMAGING RESULTS
Fig. 1, the soft (0.5-1.0 keV) band image, shows that the fa-
miliar soft structures coincident with the radio arms are dom-
inated by a filamentary web. The hard band (3.5-7.5 keV)
image, Fig. 2, shows edges and a clear shell with a charac-
teristic temperature signature of a weak shock. In addition to
these prominent features, the images (see also Fig. 3) show:
• a new large X-ray cavity at a radius of 4.8′ − 6.2′ at an
azimuth of θ = 145◦ lying just beyond the eastern X-
ray arms (J2000, 12:31:07.0, +12:27:0.0). The energy
required to inflate the cavity is ∼ 1057 erg and its age
(rise time) is about 7×107 years. This feature is coin-
cident with 90 cm radio emission (Owen et al. 2000).
• the very fine structure of the southwestern arm that may
indicate a braided/twisted structure. Although the arm
itself is resolved, there appear to be finer filaments in-
dicating the importance of magnetic fields.
• ∼ 500 point sources of which most are LMXBs and ∼
100 are background AGN
• cavities at the end of the jet, inside the cocoon, that
correspond to radio emitting plasma (seen at 6 cm)
• a very clear demarcation of the counter jet cavity
• a sharp boundary at the southern edge of the eastern
arm that does not correspond to any radio feature
3.1. The Soft Filamentary Web
The soft band image (Fig. 1) transforms our X-ray view of
M87. With the increased statistics of the longer observation
and the restriction on energy to below 1 keV, we see a web
of filamentary structures with length-to-width ratios of up to
∼ 50. This web is especially notable in the eastern arm.
The eastern arm appears to be produced by a series of buoy-
ant bubbles. The youngest is that associated with the “bud”
which is clearly visible in the X-ray image (Fig. 1 and For-
man et al. Fig.1b, c). The “bud” has a radius of 0.9 kpc and
is filled with radio plasma. The energy required to inflate the
“bud” is ∼ 1055 ergs for a spherical cavity. We estimate the
rise time of the four features marked in red in Fig. 1b using the
approximation in Churazov et al. (2000; section 3.2) to derive
the velocity, vrise of the rising buoyant bubble. Equating the
buoyancy force to the drag force and taking the galaxy mass
from Coté et al. (2001), we find vrise ≈ 400 km s−1 over the
whole inner 40 kpc of M87. With an average separation of the
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features of approximately 0.5′, the features differ in age by
roughly 6× 106 years, suggesting recurrent minor outbursts
from the SMBH on a comparable timescale.
The X-ray filamentary structure is likely to be influenced
by magnetic filamentation or magnetic flux ropes. We know
from Faraday rotation data of the inner radio halo (Owen et
al. 1990) and radio emission of the large scale halo (Owen
et al. 2000), that the magnetic fields are highly filamented.
The radio filaments are likely magnetic flux ropes filled with
a low density plasma. The similarity in scale and geometry
of the X-ray and radio filaments argues for the importance
of magnetic fields in their formation, despite their different
emission mechanisms.
The filaments that form the eastern arm are individually
very similar in width to the long, thin X-ray filaments that
form the southwestern arm. Thus, while the eastern arm is
significantly broader than the southwestern arm, the struc-
tures which compose the eastern arm are individually thin (see
Fig. 4 and Fig. 5). We have used the marked regions in Fig. 4
to extract projections, shown in Fig. 5, across the southwest-
ern arm and a point source for comparison. Fig. 5a, the pro-
jection closest to the center of M87 (R1 in Fig. 4) shows a re-
solved arm with two subpeaks. These could be either two sep-
arate filaments or the limb-brightened edges of a cylindrical
tube. Fig. 5b shows the onset of a second filamentary struc-
ture about 10′′ east of the main filament. Fig. 5c shows the
continuation of the eastern filament, the main filament, and a
third filament that in Fig. 4 appears to be twisting around the
central filament. Comparison of the point source projections
(Fig. 5c, d) to those of the filaments shows that all the filamen-
tary structures are resolved with widths (FWHM) of about 4′′,
300 pc.
The integrated spectra of the arms are well characterized by
a mean temperature of ∼ 1.5 keV (see the temperature map
in Young et al. 2002), but Molendi (2002) first argued that
the spectral data in the arm regions require multiple compo-
nents. This is at least partly caused by the blending of the thin
filaments with the intra-filament emission. We will analyze
the detailed spectral properties of the arms, using the Chandra
data, in a later paper.
The new Chandra observations highlight the differences
seen in the structure of the eastern and the southwestern arms.
While both arms show long, narrow, spatially resolved fila-
ments, the southwestern arm has only a single set of filaments,
while the eastern arm shows multiple sets of filaments and
bubbles that increase in scale with distance from the center.
3.2. Weak Shocks
The hard band (3.5-7.5 keV) image, Fig. 2, is no less strik-
ing than the soft band. We see, for the first time, the un-
ambiguous signature of a shock – a nearly complete ring of
heated gas. The outer radius of the hard ring varies slightly as
a function of azimuth, θ (measured counter clockwise from
west). From the southwest to the northeast (θ = −45◦ to
135◦), over nearly 180◦, the outer radius is Router = 2.85′ (13
kpc). In the eastern and southeastern directions (θ = 135◦-
315◦), the outer edge of the ring is slightly smaller, Router ∼
2.5′ (11.5 kpc).
In our previous study, we detected only the surface bright-
ness enhancement associated with the shock, but lacked the
statistical precision to measure changes in gas temperature.
We now detect the spectral hardening characteristic of a weak
shock. Fig. 6 shows the hardness ratios for the energy bands
1.2-2.5 keV and 3.5-7.5 keV in a sector of width 90◦ centered
on due north (θ = 45◦-135◦). The model-independent harden-
ing is unmistakable and clearly demonstrates the presence of
a weak shock traversing the M87 atmosphere. As we argued
earlier, the nearly spherical nature of the feature (see Fig. 2)
identifies the nuclear region as the origin of the energy input.
We have “calibrated” the hardness ratios, using the full
Chandra response with all telescope and detector effects in-
cluded (as enumerated above for correcting the exposure
maps). The resulting correspondence between temperature
and hardness ratio are indicated in Fig. 6 (horizontal dashed
lines) for a heavy element abundance of 0.7 solar. The tem-
perature jump, T2/T1≈ 1.2, is consistent with a Mach number,
M∼ 1.2, in agreement with our earlier estimate (Forman et al.
2005). We have verified that the hardness ratios and the corre-
sponding temperatures are correct using detailed temperature
fits (following the deprojection approach described in David
et al. 2001). However, these detailed temperature fits, al-
though they agree with the data to within a few percent, have
unacceptably large values of χ2 and hence the resulting er-
ror bars are difficult to interpret. We defer a detailed discus-
sion of temperature fits to a later paper, but only note that the
best fit values are in good agreement with those derived from
the hardness ratios. Within these limitations, the temperature
jump at the shock front is consistent with expectations for the
Mach 1.2 shock model of Forman et al. (2005), using the
Rankine-Hugoniot jump conditions for a monatomic gas with
γ = 5/3.
Evidence for two additional features is seen in Fig. 6 at
outer radii of 0.6′ and 1.3′. These two features also are di-
rectly visible in Fig. 2, the hard band image. At the inner
radius of 0.6′, we see a surface brightness edge accompanied
by a temperature decrease (Fig. 6a, b). This feature was first
reported by Young et al. (2002) who noted a surface bright-
ness “front” at a radius of 40′′. This region extends to the
north, well beyond the inner bright radio cocoon seen in the 6
cm radio emission (Hines et al. 1989). This feature may may
be emission from the low entropy gas piled-up just outside the
outer edge of the “piston” that drove the 13 kpc shock. The
absence of strongly shocked gas, interior to the 13 kpc shock,
is consistent with enhanced nuclear activity over extended in-
tervals, at least a few Myr, the crossing time of the cocoon
(piston). The second feature at ∼ 1.3′ (6 kpc) shows a clear
temperature rise, but a weaker surface brightness enhance-
ment (Fig. 6a, b) and is most likely produced by a weaker out-
burst than that which produced the primary 13 kpc ring. Taken
together, the surface brightness and hardness ratio (tempera-
ture) data indicate the presence of multiple weak shocks. The
clearest M87 shock is the outer one, which is well separated
from the complex core region, is nearly azimuthally symmet-
ric over 360◦, and shows an interior rarefaction region.
4. CONCLUSIONS
Prior to the launch of Chandra, one might not have ex-
pected its exquisite angular resolution to dramatically change
our view of clusters of galaxies, whose emission is domi-
nated by thermal gas with temperatures above a few keV.
However, Chandra’s angular resolution has profoundly con-
tributed to a new picture of the cores of galaxy clusters. The
long exposures of Perseus (Fabian et al. 2006), Centaurus
(Fabian et al. 2005), Hydra A (Nulsen et al. 2005) and now
M87/Virgo show the importance of high signal-to-noise ob-
servations. These high signal-to-noise observations are show-
ing the path to the solution of the puzzle of the energy source
and the mechanism for heating cooling cores.
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M87 shows the classic signatures of weak shocks, with the
requisite spectral hardening and surface brightness enhance-
ments. The clearest example is that at a radius of 13 kpc which
has a temperature rise of about 0.4 keV and a corresponding
Mach number of 1.2. M87 shows a remarkably “organized”
and coherent structure in the eastern arm characteristic of a
rising buoyant bubble transforming into a torus in both the X-
ray and radio images (see Owen et al. 2000 and Churazov et
al. 2001). However, although X-ray cavities are common in
cooling core clusters (e.g., Fabian et al. 2000, McNamara et
al. 2000, Blanton et al. 2001, Heinz et al. 2002, Mazzotta
et al. 2003), the associated thermal gas and radio emission
characteristic of a large buoyant bubble (Owen et al. 2000,
Churazov et al. 2001; “mushroom shaped” feature) are, so
far, only seen in M87. While the eastern arm shows coherent
structure, it also appears to consist of a web of narrow fila-
ments, several of which may arise from individual, weak and
small scale, outbursts.
While progress has been made in understanding galaxy
clusters through both Chandra and XMM-Newton observa-
tions, questions remain. The nature of the filaments and im-
portance of magnetic fields in their topology requires addi-
tional modeling. Differences between the isothermal “shock”
in Perseus (Fabian et al. 2006) and the clear hardening of the
shock in M87 need to be understood and observations of ad-
ditional clusters are required to place the M87 and Perseus
observations in a larger context.
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FIG. 1.— The 0.5-1.0 keV band image of the 9 ACIS-I pointings after background subtraction and “flat fielding”. The tracery of fine filaments is clear and
shows the similarity between the structures in the eastern and southwestern arms. The long southwestern arm appears to be composed of several filaments twisting
around each other. The eastern arm can be interpreted as a series of bubbles of which at least 5 suggest different stages of evolution as they rise in the atmosphere
of M87. The filamentary structures are very soft and disappear at energies above 2 keV.
FIG. 2.— The 3.5 to 7.5 keV band image of the 9 ACIS-I pointings after background subtraction and “flat fielding”. The fine tracery seen in the soft band
image, Fig. 1 is replaced by nearly azimuthally symmetric emission which shows a ring of outer radius ∼ 2.75′ (12.8 kpc). As discussed in the text, this hard
ring is the characteristic signature of a shock driven by an outburst from the central SMBH.
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FIG. 3.— (a) The the relative deviations of the surface brightness from a radially averaged surface brightness model i.e., [Data − Model]/Model. The shock, an
outer cavity beyond the eastern arm, a sharp edge, and an outer partial ring are seen. (b) The 0.5-2.5 keV band, block 1 (full resolution) image of the entire data
set after background subtraction and “flat fielding”. Prominent features of the central region show the counterjet cavity surrounded by a very fine rim and cavities
to the west and southwest of the jet after the jet passes the sonic point and the radio emitting plasma bends clockwise.
FIG. 4.— (a) The central region of the 0.5-1.0 keV band image showing the multiple buoyant bubbles rising in the M87 atmosphere. A series of four “bubbles”
are labeled. (b) The 0.5-1.0 keV image of a portion of the southwestern arm indicating the locations of projections and a comparison point source.
FIG. 5.— The 0.5-1.0 keV projections across the southwestern arm in the regions marked in Fig. 4. The figures show the complex structure along the arm.
The first panel shows two peaks which may arise either from two separate, close, filaments or from the limb-brightened edges of a cylindrical filament. The third
panel shows three resolved structures. Comparison to Fig. 4 shows that the westernmost structure appears to wrap around the central filament. The final panel
shows a projection across a boundary of the outer bubble of the series in the eastern arm along with a scaled projection (lower histogram) of a point source 4′
from the nucleus of M87, twice as far as the eastern arm filamentary region.
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FIG. 6.— (a) The surface brightness profile in the 3.5-7.5 keV band shows a sharp edge at ∼ 0.5′, a moderate flattening of the profile at about 1′ and the main
broad excess at 2 − 3′. These three features coincide with the three “peaks” in the hardness ratio map in panel b. (b) The hardness ratio profile derived from
the 1.2-2.5 keV band and 3.5-7.5 keV band images north of the nucleus over a sector of width 90◦(θ = 45◦ to 135◦). The green data points show the observed
(projected) hardness ratios and the black points show the deprojected values with several outer points averaged together to reduce the scatter. The horizontal
(labeled) red lines show the hardness ratios corresponding to gas temperatures from 1 to 2.5 keV. In addition to the shock with a peak temperature of 2.4 keV at
2.4′, we see a rarefaction region behind the main shock. An inner surface brightness edge (first noted by Young et al. 2002) occurs at 0.6′, corresponding to the
sharp temperature decline indicated by the jump between the first two hardness ratio values, may mark the boundary of the “piston” responsible for driving the
main 13 kpc shock. At a radius of about 1′ there is a third feature in the hardness ratio map as well as a weak corresponding feature in the surface brightness
profile (panel a) that probably is produced by a weak secondary outburst.
